The surface morphology of aluminum (Al) films grown by metalorganic chemical vapor deposition (MOCVD) has been improved by inserting a 1.0-nm-thick titanium nitride (TiN) layer between 90-nm-thick Al layers. For multilayered Al/TiN film depositions, dimethylaluminum-hydride (DMAH) and tetrakis(dimethylamido)titanium (TDMAT) are used as metalorganic precursors. For uniform and conformal TiN layers 1.0-nm-thick atomic layer deposition (ALD) was carried out in the same reaction chamber as the Al MOCVD. The surface morphology of the films was evaluated by measuring the optical reflectance. In the early stage of Al MOCVD, the reflectance versus film thickness curve shows a rapid decrease because of the scattering of incident light from the Al nuclei, and then it increases sharply to a maximum reflectance until the completion of island coalescence. However, it monotonically decays again with Al thickness due to the nonuniform grain growth. By inserting a 1.0 nm TiN layer on the Al layer at the maximum reflectance, the reflectance is restored again to the peak reflectance in the manner of a sinusoid waveform. Moreover, the multilayered Al/TiN films have a strong (111) preferred crystal orientation, and small and uniformly sized Al grains, which are expected to result in higher electromigration resistance. Therefore, the combined deposition technique with Al MOCVD and TiN ALD is considered a promising candidate to make Al MOCVD suitable for future microelectronic applications.
Introduction
In an ultralarge-scale integrated circuit (ULSI), the aspect ratios of contact and via holes are continuously increasing because the design rule of ULSI is decreasing. As a result, one of the greatest difficulties to be overcome in ULSI metallization is the filling of contact holes and via holes with sub-halfmicron diameters and high aspect ratios. A simple Al sputtering method cannot be applied to such ULSI metallization because of its poor hole-filling characteristics. As a possible solution to this problem, the chemical vapor deposition (CVD) of Al films has been attracting much attention during the last decade. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] However, the surface morphology of CVD Al films has been generally unsatisfactory, and it causes void formation when they are refilled contact and via holes and poor pattern resolution in lithography.
Methods of improving the surface morphology of Al films have been reported by several research groups. Seed layers such as in situ sputtered Al, 13, 16, 17) Cu 9) or TiN layers, 10, 14, 15) or an in situ CVD TiN layer 14, 15) and surface treatment with TiCl 4 , 8) tetrakis(dimethylamido)titanium (TDMAT), 7) BCl 3 plasma, 5) or H 2 plasma 9) have been studied. Most of these studies have focused mainly on enhancing uniform nucleation at an early stage of Al CVD. However, the surface morphology is not yet acceptable, since it depends not only on uniform nucleation but also strongly on uniform grain growth.
Recently, Lim et al. reported that the surface morphology of Al films is improved by multilayered CVD Al. 20) However, they used physical vapor deposition or CVD methods to deposit interlayer. It is thought that with such deposition methods the interlayer thickness cannot be controlled accurately or conformally.
In this paper, we report on the development of the periodic deposition process, in which Al metalorganic chemical vapor deposition (MOCVD) and TiN atomic layer deposition (ALD) are carried out in the same reaction chamber, to grow multilayered Al/TiN films. By eliminating surface roughness for 10 s, and Ar purge gas pulse for 10 s. TDMAT was kept at 40
• C to maintain the vapor pressure at about 0.15 Torr, and was delivered by 70 sccm Ar carrier gas, and NH 3 gas was supplied with the flow rate of 94 sccm. Between each reactant pulse, 70 sccm Ar gas was pulsed into the reactor to prevent a gas phase reaction between TDMAT and NH 3 . For simplicity, these four pulses are defined as 1 deposition cycle. This cycle was repeated until the desired thickness of TiN was obtained. The growth rate of TiN ALD was defined in terms of the TiN thickness deposited in one cycle and calculated by dividing the total TiN film thickness by the number of deposition cycles. Under the deposition conditions mentioned above, the caused by nonuniform grain growth, the smoothness of surfaces obtained by this process is comparable to that of the Al films deposited by sputtering, without any significant deterioration of electrical resistivity. These excellent qualities of the multilayered Al/TiN films make the periodic combination process with Al MOCVD and TiN ALD a viable alternative for future microelectronics applications.
Experimental
In order to perform the deposition of multilayered Al/TiN films in the one reaction chamber without the breaking vacuum, the deposition temperature and pressure of Al MOCVD and TiN ALD were fixed at 200
• C and 1 Torr, respectively. A 5-inch Si wafer was used as a substrate. After TiN layers of 30 nm thickness were deposited by ALD on the substrate, the multilayered Al/TiN films were deposited. The multilayers of the Al/TiN films were formed in the following order. Al MOCVD and TiN ALD were repeatedly performed sequentially on the surface of the as-deposited ALD TiN film until the desired thickness of multilayered Al/TiN film was obtained.
The ALD for TiN films was performed by alternately supplying TDMAT vapor and NH 3 gas. The reactants were injected into the reactor in the following sequence: TDMAT vapor pulse for 5 s, Ar purge gas pulse for 10 s, NH 3 gas pulse deposition rate of TiN ALD was about 0.6 nm/cycle.
During the Al film deposition, dimethylaluminum hydride (DMAH) was delivered by bubbling Ar carrier gas through a stainless-steel bubbler at 20
• C. The Ar carrier gas for DMAH was changed from 55 sccm to 15 sccm, bringing the total flow rate to 165 sccm by mixing with Ar gas for dilution.
The properties of the deposited films were characterized by employing various analysis techniques. A surface profilometer and a four-point probe were used to measure the thickness and the sheet resistance of the films, respectively. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) was used to observe the surface morphology. X-ray diffraction (XRD) measurements were used to study the texture of the deposited films. Cross-sectional transmission electron microscopy (TEM) was used to observe the microstructure of the films and the interfaces between the Al layers and the TiN layers.
The optical method was used to monitor the film surface morphology. The reflected light intensity of the films was measured using the regulated halogen lamp as a light source. The incident light was focused perpendicularly on the sample surface with a lens and the light spot size on the surface was 50 µm. The vertically reflected light intensity was measured by the spectrometer at a 480 nm wavelength. The relative reflectance was obtained from the ratio of reflected light intensity of the deposited film to that of the reference sample, a 300-nm-thick Al film deposited by sputtering.
Results and Discussion

Surface morphology changes with film thickness of MOCVD Al
The TiN film thickness deposited by ALD can be accurately adjusted, because it is digitally controlled by the number of deposition cycles. Thus, by utilizing the characteristics of ALD, ultra-thin TiN film was deposited uniformly and conformally. 21, 22) Figure 1 shows the reflectance changes as a function of Al film thickness, deposited on as-deposited 30-nm-thick ALD TiN film by MOCVD at the different growth rates of 89 nm/min and 34 nm/min. The relative reflectance of the 30-nm-thick TiN film is around 17%. This method of evaluating surface morphology using optical reflectance was first reported by Sugai et al. 7) As shown in Fig. 1 , both reflectance versus deposition thickness curves show a rapid initial decrease to a minimum value, a sharp increase to a maximum value, and then a gradual decay with Al film thickness. In Fig. 2 , to clarify that the reflectance changes with Al film thicknesses, SEM photographs of the Al film surface in Figs. 1(a)-1(e) are shown. In the initial stage of the Al MOCVD, as shown in Fig. 2(a) , scattering of the incident beam from the small Al islands can cause the abrupt decrease of reflectance. Then, as the coalescence between the Al islands continues with further deposition, the reflectance reaches a maximum value, which corresponds to the completion of island coalescence, as shown in Fig. 2(d) . After the completion of island coalescence, the reflectance gradually decays to less than 20% of that of the reference sample as Al deposition proceeds with nonuniform grain growth depending on the crystal orientation of each island, as shown in Fig. 2(e) .
Also, as shown in Fig. 1 , the variation of Al film deposition rates has a strong effect on the value of maximum reflectance and the Al film thickness on reaching the maximum reflectance. When the Al film deposition rate is 89 nm/min, the maximum reflectance is close to 93% at the Al film thickness of 90 nm. But the in case of the Al deposition rate of 34 nm/min, the maximum reflectance is lowered to 84% at the film thickness of 134 nm. That is, as the Al film growth rate increases, the continuous Al film is formed earlier and the maximum reflectance is increased. These effects of the film growth rates on the maximum reflectance and the thickness on reaching the maximum reflectance may be explained by the following reasons. The distance between the Al islands becomes shorter at a higher growth rate due to the increased nucleation density, which is a result of the higher partial pressure of DMAH vapor in the reaction chamber. Hence, under the condition that the Al islands grow isotropically, the isolated islands will coalesce in a short distance. Thus, the Al film thickness needed to complete the island coalescence decreases as the film growth rate increases. Also, as the film growth rate increases, the height difference between a peak and a valley in a grain will decrease at the onset of the completion of island coalescence. Therefore, the maximum reflectance will rise with increasing Al film growth rate. Figure 3 shows the resistivity change of Al films with film thickness. When the film thickness exceeds the point where the reflectance reaches a maximum value, the resistivities show almost constant values at 3.8 µ ·cm. But as the films become thinner, the resistivity increases abruptly. These resistivity data are in good agreement with the SEM results shown in Fig. 2 . That is, before the completion of island coalescence, the Al islands are not completely connected with each other. Thus, the resistivity measured with a four-point probe should be increased because of the elongation of electrical conduction paths and the necking between the islands. Figure 4 shows the reflectance changes as a function of Al film thickness after depositing about 1.0-nm-thick TiN films at the point where the Al film thickness corresponds to the maximum reflectance. In order to prevent surface roughening due to nonuniform grain growth after the completion of island coalescence, three deposition cycles of TiN ALD at 200
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• C were performed to grow TiN film on the first Al layer, marked (a) in Fig. 4 , and then the second Al layer was deposited on the newly formed TiN layer. During the deposition of the second Al layer, the shape of the reflectance curve shows large differences compared with that of the continuously deposited Al films, which decreases monotonically with Al film thickness after reaching the maximum reflectance. In this case the reflectance decreases from the maximum value, (a), to the minimum value, (b), and then increases again to the maximum value, (d). This is explained by the same reasons as for the first Al layer deposition, i.e., the scattering of the incident beam from the regenerated Al islands, and the coalescence between those islands. This is simply a repeat of the first Al layer deposition. Therefore, the thickness of the second Al layer required for attaining the maximum reflectance, about 90 nm, is almost the same as that of the first Al layer. In addition, the second maximum reflectance, around 90%, has almost the same value as the first maximum reflectance. Figure 5 shows SEM micrographs of the Al surface at the points from (a) to (e) in Fig. 4 . As shown in Fig. 5 , the for- For this reason, the initial surface roughness can be recovered to some extent, which results in the increase of the second maximum reflectance from 35% to 74%. Figure 7 shows the reflectance changes as a function of the deposition thickness of the Al/TiN multilayer. The reflectance varies periodically between the maximum value, around 93%, and minimum value, around 64%. The Al/TiN multilayer was formed by inserting a 1.0-nm-thick TiN layer by the ALD method for every 90-nm-thick Al layer at the peak reflectances. The peak reflectances are maintained at mation of isolated Al islands, island growth and coalescence, continuous film formation, and surface roughening are repeated during the second Al layer deposition on 1.0-nm-thick ALD TiN. When we compare Figs. 5(a) and 5(d), almost the same surface smoothness can be seen. This is consistent with the results of the reflectance measurements. As a result, we can confirm that a 1.0-nm-thick TiN layer can act as a stopping layer to prevent continuing grain growth of Al films and, at the same time, provides nucleation sites for the second Al layer. Figure 6 shows the reflectance changes during the deposition of the second Al layer, when the 1.0-nm-thick TiN films are inserted after the appearance of the first maximum reflectance. As the second Al layer deposition continues, the reflectance increases again to the second maximum reflectance, (c), which is close to 74%. This is much higher than the initial reflectance of 35%, marked (b) in Fig. 6 . After the second maximum reflectance is reached, it decays gradually with increase of the second Al layer thickness. The thickness of the second Al layer required in order to reach the second maximum reflectance is about 90 nm, which is almost the same as the previous data. But in view of the fact that the reflectance at point (c) is higher than the initial reflectance at the starting point (b), the reflectance change in Fig. 6 differs from that in the case of Fig. 4 . That is, when the surface has severe roughness before the deposition of the second Al layer, the nucleation rate of the second Al layer will be faster in a concave region than in a convex region, because the critical volume associated with the formation of the critical nucleus size should be reduced in the concave region. Thus, until the deposited second Al film thickness reaches a certain range, the growth rates at the concave regions can be accelerated. that the Al/TiN multilayered film has much smoother surface morphology than the Al film deposited continuously with MOCVD. The resistivity of the Al/TiN multilayered film, which is composed of 6 Al layers with 90 nm thickness and 5 TiN layers with 1.0 nm thickness, is about 3.9 µ ·cm, and the resistivity of 540-nm-thick Al film continuously formed is 3.8 µ ·cm. This indicates that the 1.0-nm-thick TiN layers inserted for stopping nonuniform grain growth of Al during Al MOCVD do not significantly degrade the electrical performance of the films. Figure 9 shows the XRD patterns of the Al film and the Al/TiN multilayered film, which have the same thickness, about 540 nm. In the case of the Al/TiN multilayer, as shown in Fig. 9(a) , the peak ratio of the (111) orientation to the (200) orientation is 8 : 1, and in the case of the Al film deposited continuously with MOCVD, as shown in Fig. 9(b) , the peak ratio of the (111) ing for fabricating the deep sub-micron interconnections in ULSIs.
Microstructures of Al/TiN multilayers
By preparing the Al/TiN multilayered films, the surface morphology has been significantly improved, and the microstructure has been changed to the (111)-preferred orientation with small and uniform grain size, without critical increase of the film resistivity. It is expected that the combined deposition technique will be applicable to the deposition of Cu/TiN multilayered films by the Cu dual-Damascene process. The deposition technique of combined MOCVD and ALD is promisform size distribution of the Al grains will increase the electromigration resistance. 25) Therefore, the Al/TiN multilayered films will be much more robust in terms of the electromigration resistance than the continuously deposited Al films, owing to the (111)-preferred crystal orientation and the small and uniform size distribution of the Al grains. Also, it is noteworthy that the crystal orientation and the grain size can be controlled without taking into consideration the required Al/TiN multilayered film thickness, in contrast to the case of the Al film deposited continuously with MOCVD.
Conclusion
The thin film deposition technique, combining Al MOCVD with TiN ALD, for the growth of Al/TiN multilayered films has been developed to improve the surface morphology of the films. Also, it was possible to perform the combined deposition process in the one reaction chamber by adjusting the deposition conditions to the same temperature and pressure. It is confirmed that a TiN layer as thin as 1.0 nm can act as a stopping layer that prevents the continuing grain growth of Al films by providing new nucleation sites for the next Al layer. 
